We calculate the diffusion barrier of fluorine adatoms on doped graphene in the diluted limit using Density Functional Theory. We found that the barrier ∆ strongly depends on the magnitude and character of the graphene's doping (δn): it increases for hole doping (δn < 0) and decreases for electron doping (δn > 0). Near the neutrality point the functional dependence can be approximately by ∆ = ∆ 0 − α δn where α ≃ 6 × 10 −12 meVcm 2 . This effect leads to significant changes of the diffusion constant with doping even at room temperature and could also affect the low temperature diffusion dynamics due to the presence of substrate induced charge puddles. In addition, this might open up the possibility to engineer the F dynamics on graphene by using local gates.
Diffusion of fluorine adatoms on doped graphene We calculate the diffusion barrier of fluorine adatoms on doped graphene in the diluted limit using Density Functional Theory. We found that the barrier ∆ strongly depends on the magnitude and character of the graphene's doping (δn): it increases for hole doping (δn < 0) and decreases for electron doping (δn > 0). Near the neutrality point the functional dependence can be approximately by ∆ = ∆ 0 − α δn where α ≃ 6 × 10 −12 meVcm 2 . This effect leads to significant changes of the diffusion constant with doping even at room temperature and could also affect the low temperature diffusion dynamics due to the presence of substrate induced charge puddles. In addition, this might open up the possibility to engineer the F dynamics on graphene by using local gates. The physical properties of adatoms on graphene are the subject of intense research activity motivated by the possibility of tuning graphene electronic and magnetic properties by adding small impurity concentrations. Interesting examples include magnetic impurities, [1] [2] [3] [4] [5] that might lead to Kondo physics, [6] [7] [8] or spin relaxation, 9-12 impurity induced localization, [13] [14] [15] [16] [17] [18] and many others. 4, 19 Determining the way different adatoms or molecules attach to graphene is at the core of many studies [20] [21] [22] [23] [24] [25] [26] as this defines the way they affect the otherwise planar structure of the pristine graphene. The charge transfer from the impurity orbitals to the host graphene, the formation of magnetic structures, clustering and diffusion of adatoms 23, 27 are properties determined by the nature of the chemical bonding of the adsorbates.
In the case of fluorine atoms, it was shown 28 that graphene's doping can play a major role in the way they link to graphene. In fact, a covalent-ionic like transition was predicted to occurs as electron doping is increased. Later, it was found that other types of adatoms may behave in similar ways. 29 This change in the bonding leads to a modification of the graphene's local structure, going from an sp 3 -like coordination to an sp 2 one (see below), which is expected to strongly affect the electron scattering mechanism (both charge and spin). 10, 19 This change is due to a subtle competition of the many contributions to the total energy of the system. 28 Evaluating total energies in relaxed structures requires the use of first principle calculations.
Here we use Density Functional Theory (DFT) to estimate the dependence on electron and hole doping of the total energy of fluorine adatoms in different positions. Namely, we analyze the change in the diffusion barrier of fluorine on graphene induced by doping. Indeed, as might be expected from Ref. [28] , our results show that fluorine diffusion is strongly affected by the amount and type of doping. While this is similar to what happens in a) Corresponding author:usaj@cab.cnea.gov.ar the case of oxygen, 30 here the diffusion barrier in the neutral case is much smaller, and hence our starting point correspond to a faster diffusive dynamics. In addition, in our case the change of the barrier occurs at lower doping levels. This opens the possibility to engineer the dynamical properties of F (and possible other adatoms 29 ) by local gating, freezing or speeding up the diffusion.
The DFT calculations were performed with the Quantum Espresso package 31 employing density functional theory and the Perdew-Burke-Ernzerhoff (PBE) exchange-correlation functional.
32 A PAW description of the ion-electron interaction 33 was used together with a plane-wave basis set for the electronic wave functions and the charge density, with energy cutoffs of 70 and 420 Ry respectively. The electronic Brillouin zone integration was sampled with an uniform k-point mesh (2×2×1 or 4 × 4 × 1 depending on the size of the supercell-60 and 32 C atoms, respectively) and a Gaussian smearing of 0.01 Ry. The two-dimensional behavior of graphene was , 1 electrons per unit cell. 35 The transition from a sp 3 -like to a sp 2 -like character of the bond is apparent from the figure.
simulated by adding a vacuum region of 20Å above it. All the structures were relaxed using a criteria of forces and stresses on atoms of 0.005eV/Å and 0.5GPa, respectively. The convergence tolerance of energy was set to 10 −5 Ha (1 Ha = 27.21 eV). To correct for the dipole moment generated in the cell and to improve convergence with respect to the periodic cell size, monopole and dipole corrections were considered.
34 This is particularly important in the doped cases. Doping of the unit cell (added/removed electrons) where compensated by an uniformly distributed background charge. The diffusion barriers were calculated using the Nudge Elastic Bands method (NEB) as implemented in the QE package. Figure 1 shows the unit cell geometry used for our DFT calculations (containing 60C atoms, unless otherwise specified) as well as the local geometry of the Fgraphene bonding: the F atom sits on top of a C atom (C 0 ) forming a covalent bonding with it (undoped case). The bonding corresponds to a distorted local sp 3 -like hybridization of the C 0 atom. Hence, the θ and φ angles of the bond, defined in the figure, have values close to the ideal tetrahedral case (∼ 109.5
• ). The C 0 atom is slightly above the graphene sheet, roughly 0.5Å, in order to satisfy the local symmetry of the sp 3 -like bond. The change of the local geometry upon changing the graphene doping, δn, is presented in Fig. 2 where δn = 0 corresponds to the undoped case. Quite clearly, we observe that the systems undergoes a sp 3 → sp 2 type transition 28 when we move from the hole (δn < 0) to the electron (δn > 0) doped case. Namely, θ goes from ∼ 103
• to ∼ 95 • and φ from ∼ 115
• to ∼ 119
• . Notice that also the distance between C 0 and its nearest neighbors C-atoms becomes closer to the bulk C-C distance in graphene (a 0 = 1.42Å).
To better understand what is happening with the fluorine adatom, we plot the F-C 0 distance (d FC 0 ) as a function of δn in Fig. 3(a) . Our DFT results show that d FC 0 significantly increases in the electron doped region. This is in agreement with the overall picture that the F atom changes its covalent bonding into a more ionic one and moves slightly apart from the graphene sheet, which recovers its planar structure. We also include the results for a smaller unit cell (with 32 C atoms) to show the importance of the finite size effects in the latter case, that leads to a shorter d FC0 for the largest electron doping. The physical origin of this behavior can be understood as follows: as the graphene sheet is doped with electrons, the fluorine atom is charged and it is pushed away from graphene. This is the result of a competition between the Coulomb interaction of the charged F and C atoms and the deformation energy of the graphene lattice. 28 Since in our DFT calculations we are not considering a single F atom but a periodic array of them separated by the size of the unit cell, there is a Coulomb repulsion between adjacent F atoms. Hence, if the unit cell is too small, that repulsion is energetically too costly and the d FC 0 gets shorter in order to increase the covalent character of the bond and thus make the charge transfer to the F atom smaller, which in turns reduces the Coulomb energy (this is clear for the value of doping δn ∼ 6 × 10 13 cm −2 ). This effect is absent for δn < 0 as in that case the charge on the F atoms is significantly smaller. To support such picture, we present in Fig. 3(b) the charge of the F atom, projected on the s and p orbitals as a function of the doping. While this is not the total charge of the F atoms, it gives a reasonable idea of the above mentioned effect: the case of the 60C units, with a smaller interaction among F atoms, allows for a larger amount of charge to be transferred to the F atoms and, consequently, the latter moves farther apart from the graphene sheet. We note in passing that the distance between the F and the plane of the graphene sheet remains roughly constant (not shown), ∼ 2Å, in the entire doping region up to δn ∼ 5 × 10 13 cm −2 . For larger electron doping there appears to be a sudden change where the graphene sheet flattens, the C 0 atom retracts back, and the F atom moves slightly apart from graphene plane, ∼ 2.3Å-notice this is slightly larger that d FC 0 .
To calculate the diffusion barrier ∆ we use the NEB method to find the energy change when the F adatoms moves between two adjacent sites of the graphene lattice-this path, along the bond of a pair of C atoms, corresponds to the smaller energy barrier and therefore sets in the energy scale for the diffusion process. For the undoped case, we found an energy barrier of ∆ 0 ≃ 0.28meV, consisted with previous studies. 23 This value is well below the energy required to remove the F from the graphene (∼ 1eV), thereby ensuring that the F atoms diffuse on the graphene sheet. We also notice that the diffusion barrier for F in neutral graphene is roughly one third of the one found for O, 30 what makes the dynamics of F much faster. Figure 4 presents the doping dependence of the diffusion barrier, the main result of this work. In consonance with the structural change of the bonding, we found that ∆ is strongly reduced when going from the hole to the electron doping region. This has a clear interpretation: while the hole doping strengthens the sp 3 character of the F-C bond, thereby making harder for the F atoms to jump to a nearest neighbor site, the electron doping does the contrary, creating a more ionic-like bond and a flatter graphene surface where the F atoms is more free to move. We also found that the distance between the F and the nearest C atoms at the intermediate or transitional point also increases with doping. The magnetic configuration, slightly more stable when the F is at the bridge position with large hole doping, have a negligible impact on the energy barrier (about 1-2%).
For low doping concentration, we find that the change of the diffusion barrier can be approximated as
where α ≃ 6 × 10 −12 meVcm 2 (≃ 7 × 10 −11 Kcm 2 ). Quite notably, this is about the same value of α that we infer from the data of Ref. [30] for the case of O adatoms, that might suggest a common underlying mechanism.
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For the F diffusion, however, the linear dependence on doping is observed around the neutrality point while in the case of O it is shifted towards the electron doping region.
The diffusion constant D depends exponentially on this barrier, D = W exp(−∆/k B T ). By neglecting the subdominant change of the prefactor W -that depends on the local curvature of the energy landscape as a function of the F position-we found that
Here, D 0 = W e −∆0/kBT is the neutral diffusion constant at temperature T . As a consequence, even at room temperature, the diffusion constant can change by a factor of 10 (increase or decrease depending on the character of the doping) when the doping is changed in ∼ 10 13 cm −2 . In the low T regime, say T ∼ 50K, and for more usual densities, δn ∼ ±10 12 cm −2 , the effect can still be large, leading a factor of 10-20 between hole and electron doped regions. We would like to point out that charge density puddles (δn ∼ ±10 11 cm −2 ), induced by the inhomogeneous substrate potential, can lead to a significant fluctuation of D if the temperature is low enough (few kelvins). This might be relevant for the fluorine dynamics on realistic graphene samples. For example, we speculate that the faster diffusion on electron doped regions might be more favorable for cluster formation in diluted samples that the hole doped regions.
In summary, we have showed that the diffusion of fluorine adatoms on graphene is strongly affected by doping and depends on its character (electron or hole). We believe this effect could be used, by local gating for example, to manipulate the dynamics of fluorine atoms on graphene.
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